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Influence of PAX6 Gene Dosage
on Development: Overexpression Causes
Severe Eye Abnormalities
Andreas Schedl, Allyson Ross, Muriel Lee, has also been shown to be caused by heterozygous
mutations of PAX6 (Glaser et al., 1992; Jordan et al.,Dieter Engelkamp, Penny Rashbass,
1992) and is characterized by a varying degree of irisVeronica van Heyningen, and Nicholas D. Hastie
hypoplasia, corneal opacification, cataracts, and glau-MRC Human Genetics Unit
coma. In contrast to Sey mice, aniridia patients do notWestern General Hospital
show a reduction in eye size. Homozygous PAX6 muta-Crewe Road
tions in humans are rare (Hodgson and Saunders, 1980;Edinburgh EH4-2XU
Glaser et al., 1994), but show a phenotype very similarUnited Kingdom
to that in Sey mice, which makes the mouse mutant an
ideal model system for studying the human disorder.
Mutation analysis in aniridia patients has been suc-Summary
cessful in a large proportion of cases. Recently, how-
ever, two interesting cases were reported with chromo-Aniridia in man and Small eye in mice are semidomi-
somal rearrangements z50–150 kb downstream of thenant developmental disorders caused by mutations
PAX6 locus (Fantes et al., 1995). No coding region muta-within the paired box gene PAX6. Whereas heterozy-
tions were detected. Hence, the chromosomal aberra-
gotes suffer from iris hypoplasia, homozygous mice
tions are likely to have caused a reduction of PAX6
lack eyes and nasal cavities and exhibit brain abnor- expression on the rearranged allele, possibly by the re-
malities. To investigate the role ofgene dosage in more moval of a locus-specific enhancer element(s) or a chro-
detail, we have generated yeast artificial chromosome matin organizing region located downstream of the de-
transgenic mice carrying the human PAX6 locus. When scribed breakpoints. Alternatively, down-regulation of
crossedonto the Small eye background, the transgene PAX6 could be explained by negative effects imposed
rescues the mutant phenotype. Strikingly, mice car- by the “foreign” chromatin brought into proximity of the
rying multiple copies on a wild-type background show PAX6 locus.
specific developmental abnormalities of the eye, but During the molecular characterization of patients, it
not of other tissues expressing the gene. Thus, at least was demonstrated that simple deletions of one allele
five different eye phenotypes are associated with can cause aniridia, thus indicating that true haploinsuffi-
changes in PAX6 expression. Weprovide evidence that ciency can cause this disorder. As development seems
not only reduced, but also increased levels of tran- to be surprisingly susceptible to a reduction of PAX6
scriptional regulators can cause developmental de- gene expression, it was tempting to speculate that in-
fects. creased levels of PAX6 expression might also interfere
with normal development. To test this hypothesis, we
decided to overexpress the gene by introducing addi-Introduction
tional copies of the PAX6 locus into the mouse.
Standard transgenic constructs, which normally con-PAX genes are transcriptional regulators isolated
sist of a promoter region driving a cDNA, are unlikely tothrough sequence homology to the DNA binding domain
recreate a fully functional and properly regulated locusof theDrosophila paired gene (for review, see Noll, 1993).
in transgenic mice as transcriptional control of PAX6At present, PAX6 is the best studied member of this
seems to be complex (Fantes et al., 1995; Plaza et al.,gene family, and homologs have been isolated from a
1995). In addition, alternative splicing at the PAX6 locuslarge variety of organisms (Hanson and van Heyningen,
results in at least two products of unknown physiological1995, and references therein). Not only the amino acid
significance (Walther and Gruss, 1991; Glaser et al.,
sequences, but also the expression patterns of PAX6
1992), although mutation at one of the alternative splice
have been found to be highly conserved throughout the
sites is associated with congenital cataract (Epstein et
vertebrates (Krauss et al., 1991; Puschel et al., 1992).
al., 1994).
In the mouse, earliest expression of Pax6 is found at The use of yeast artificial chromosome (YAC) con-
embryonic day 8 within the surface ectoderm and the structs allows the introduction of a gene into mice in an
neuroectoderm (Walther and Gruss, 1991; Grindley et almost natural chromosomal context (Lamb and Gear-
al., 1995). Subsequently, expression is restricted to the hart, 1995). YAC transgenic experiments performed with
forebrain, hindbrain, neural tube, and the developing mouse constructs suggest that expression from trans-
nose and eye. In the adult, expression in the cerebellum, genes is copy number–dependent and integration-site
eye, and pancreas has been reported (Ton et al., 1992; independent (Schedl et al., 1993). We decided to use
Turque et al., 1994). a human YAC for the following reasons. First, mouse
The expression pattern fits well with the phenotype constructs hamper the distinction of endogenous and
observed in Small eye (Sey) mice, which have mutations transgenic copies. Second, the use of a large human
in the Pax6 gene (Hill et al., 1991). Heterozygous muta- construct bridging the distal chromosomal breakpoints
tions result in a reduction of external eye size, a charac- of the described aniridia patients should allow us to
teristic iris hypoplasia, and at later stages, corneal opac- begin a molecular analysis of the importance of this
ification and cataracts (Hogan et al.,1988). Homozygous downstream region. As PAX6 has been shown to be
Seymice lack eyes and nasal cavities, exhibit abnormali- highly conserved in the coding region as well as in ex-
pression pattern, the risk of changes in expression dueties of the brain, and die soon after birth. Aniridia in man
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Figure 1. DNA Analysis of Mice Transgenic
for the Human PAX6 Locus
Schematic illustration (A) of the 420 kb YAC
Y593 used for microinjection experiments.
The human PAX6 gene is located in the center
of the YAC leaving 200 kb upstream and
downstream region. The centromeric YAC
vector arm is indicated by a closed circle.
Double-headed arrows above the YAC repre-
sent the approximate region of breakpoints
in aniridia patients (SIMO and SGL) with chro-
mosomal aberrations downstream of PAX6.
The position of probes used for hybridiza-
tions in (B)–(F) are indicated below the YAC.
Southern blots carrying equal amounts of
EcoRI-digested genomic DNA, as well as 2
ng of isolated YAC DNA, were hybridized with
short vector-arm (B), pFAT10NS (C), PAX6
cDNA (D), pSIP (E), and long vector-arm (F). Identical hybridization patterns with the PAX6 cDNA probe (D) in human as well as transgenic
DNA suggest integration of the PAX6 locus without gross rearrangements. See text for more details.
to incomplete conservation of regulatory regions be- constructs. The acentric vector arm and pFAT10NS, a
probe 15 kb upstream of PAX6, are present in alltween mouse and man seemed to be small. In addition,
correct expression from the human construct can be transgenic lines (Figure 1B and 1C, respectively). YAC
vector–specific probes detected multiple bands in sev-tested most rigorously by complementation through
crossing the transgene onto the Sey background. eral lines (Figures 1B and 1F) indicating the integration
of more than one transgene copies.Here we report the generation of transgenic mice us-
ing a 420 kb PAX6 YAC. When crossed onto the Sey Hybridization with a probe specific for the centric vec-
tor arm demonstrates absence of this end from linebackground theYAC transgene rescues themutant phe-
notype, thereby demonstrating proper regulation of the PAX130 (Figure 1F). Additional probes downstream of
PAX6 were used to investigate the extent of transgenehuman PAX6 gene during mouse development. Strik-
ingly, increased PAX6 gene dosage causes distinct de- integration. A probe covering the 39 untranslated region
recognizes an unaltered 8 kb EcoRI fragment (data notvelopmental abnormalities of the eye, suggesting an
exceptional sensitivity of cells within the eye to changes shown), whereas pSIP, a fragment situated z15 kb
downstream of PAX6, is absent in PAX130 (Figure 1E).in levels of this protein.
Thus, the breakpoint of the transgene must lie more
than 7 kb but within 15 kb downstream of the PAX6Results
polyadenylation signal. PAX77, PAX88, and PAX138
showed the expected hybridization signals with allGeneration of PAX6 Transgenic Mice
YAC Y593 was isolated from the human ICI library (Fan- probes, suggesting the integration of at least one intact
copy in these transgenic lines.tes et al., 1995) using PAX6-specific primers. Pulsed-
field gel electrophoresis analysis mapped the PAX6
gene to the center of the YAC, leaving 200 kb flanking Quantification of Copy Numbers
As we were interested in the influence of PAX6 genethe gene on each side. Hence, the construct spans the
breakpoints described in aniridia patients (SIMO and dosage on eye development, it was important to deter-
mine transgene copy numbers in each line. QuantitativeSGL) with chromosomal rearrangements 39 to PAX6,
so that potential regulatory sequences located beyond polymerase chain reaction (PCR) was carried out using
primers identical for the mouse and human gene withinthese breakpoints are likely to be included (Figure 1A).
To facilitate DNA isolation for microinjection, Y593 was a region of 95% identity in the highly conserved 39 un-
translated region of PAX6. Pilot studies, in which variousretrofitted with a YAC vector carrying a conditional cen-
tromere, which allows specific amplification of the YAC. amounts of mouse and human DNA were mixed, proved
amplification in both species to be equally efficient (dataInjection of gel-purified YAC DNA into fertilized mouse
oocytes yielded four transgenics (PAX77-male, PAX88- not shown). The human-specific signal in lines PAX130
and PAX88 was equivalent to the mouse signal, sug-female, PAX130-male, PAX138-male) out of 71 newborn
mice. gesting that two copies of PAX6 had integrated into the
mouse genome (Figure 2A). Analyses of lines PAX77 andTo investigate the integrity of the integrated con-
structs, DNA was isolated from transgenic offspring and PAX138 suggested the presence of 5–7 and 10 copies,
respectively. Although the copy number determinationsubjected to Southern blot analysis. Hybridization with
a human PAX6 cDNA probe showed the presence of all using this approach is only specific for the 39 untrans-
lated region, the absence of rearranged fragments onhuman-specific EcoRI and HindIII fragments (Figure 1D
and not shown) in the four transgenic lines. The absence PAX6 cDNA analysis (Figure 1D) makes it likely that the
determined copy numbers are relevant for the entireof fragments with altered size indicates integration of
the entire genomic locus without major rearrangements. locus.
To confirm these results, we used fluorescence in situHybridization with probes outside of the PAX6 locus
was used to investigate the extent of the integrated hybridization (FISH) analysis on interphase chromatin.
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Figure 2. Quantification of Copy Numbers in
Transgenic Lines
(A) DNA from transgenic mice was subjected
to quantitative PCR analysis. The mouse-
specific signal is equivalent to two copies.
Percentage of total signals, as wellas a calcu-
lation of copy numbers (human/mouse 3 2),
is given below the figure. Human-specific sig-
nals in lines PAX130 and PAX88 suggest the
integration of 2 copies; in line PAX77, 5–6;
and in line PAX138, z10.
B) FISH analysis on interphase spreads using
a cosmid covering the human PAX6 locus
(FAT5 in red) as a probe. Individual signals
correspond to the number of copies inte-
grated into the mouse genome. The se-
quence of signals found in double labeling
experiments with probes upstream (p60) or
downstream (f02121) of PAX6 in green al-
lowed us to establish the transgene structure
in line PAX130 and PAX88. A well-isolated
second signal for p60 was seen in line PAX88
sugggesting the integration of a YAC frag-
ment at a separate place in the genome.
(C) An interpretation of the data is shown.
As multiple copies of transgenes normally integrate as PAX6 in red and a cosmid z150 kb upstream (p60) or
downstream (f02121) in green. From the order of signals,tandem arrays into a single site of the mouse genome,
individual copies of the PAX6 gene should be separated we concluded a head-to-head fusion in line PAX88
(green-red-red-green for f02121; red-green-red in theby 400 kb of DNA, a distance easily distinguished by
interphase FISH. Using a PAX6 gene–containing cosmid case of p60, with a second green signal at a separate
position in the nucleus, suggests independent integra-as a probe (FAT5), two clearly separated signals were
detected in line PAX88 in the majority of cells analyzed tion of a fragment containing the upstream region). Line
PAX130 shows a tail-to-tail fusion (green-red-red-green(Figure 2B). In line PAX130, however, only about half of
the cells showed two very close signals. As shown in for p60; no green signal for f02121, which is deleted in
this line). The presence of two transgene copies in lineFigure 1, PAX130 carries truncated versions of the YAC,
which is likely to result in a reduction of the distance PAX130 both of which are truncated within the same
8kb region, taken together with the tail-to-tail fusion,between the two PAX6 copies and, therefore, a less
frequent separation of signals in interphase spreads. strongly suggests a recombination event between two
YAC molecules before integration.To understand the structure of the integrated trans-
genes in more detail, we used FISH double labeling with Analysis of PAX77 and PAX138 with a PAX6-specific
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Figure 3. Partial Rescues of Sey Mice in
Transgenic Lines PAX88 and PAX130
Dissected wild-type eyes (A) show a clear
cornea and an iris spanning the majority of
the lens. Early stage (4 weeks) Sey/1 mice
(B) exhibit severe iris hypoplasia (arrow) and
the beginnings of corneal opacification (ar-
rowhead). In (C), rescue of the Sey/1 pheno-
type by the PAX88 transgene as apparent by
a properly formed iris and clear cornea.
Transgenic mice homozygote for the Sey mu-
tation (D) show iris hypoplasia (arrow), but
otherwise normal eyes. In contrast to Sey/1
animals (F), mice carrying the PAX130
transgene (G) have eyes of normal size (com-
pare to wild-type in [E]) and no sign of corneal
opacification. The bright appearance of the
eye in the transgenic Sey heterozygote (G)
can be explained by reflection of light from
the retina due to the absence of an iris. In
dissected eyes, severe iris hypoplasia (arrow
in [D]) is apparent. Wild-type coat: (E), (F), and
(H); black coat color: (G). Shown in (I)–(K):
histological analysis of day 14.5 mice. Trans-
verse sections through the head of a wild-
type (I), Sey homozygote (J), and homozygote
carrying the transgene PAX130 (K) reveal the lack of eye induction and the absence of olfactory epithelium (OE) in the transgenic Sey/Sey
mouse. Arrows indicate the optic stalk.
probe showed z5–6 and z10–12 signals per cell, re- Incomplete Rescue in Line PAX130
As copy number analysis (Figure 2) demonstrated twospectively (Figure 2B). One of the signals in line PAX138
was usually well separated from the majority, suggesting copies of the human PAX6 gene in line PAX130, we
expected a similar degree of rescue of the Sey pheno-at least two transgene integration sites in this mouse.
type as achieved in line PAX88. Indeed, superficial exter-
nal examination of Sey/1 mice carrying the PAX130The Human PAX6 Locus Rescues Sey Defects
Asa functional test for accurate expression of thehuman transgene suggested complementation of the Sey/1
phenotype as revealed by normal eye size (Figure 3G).PAX6 transgene, we attempted to rescue the Sey muta-
tion. Transgenic founder PAX88 was crossed with Sey In addition, no sign of cataract formation or corneal
opacification was evident even after 6 months. However,heterozygote mice and the offspring phenotypically
scored on the basis of their eye size. Subsequently, ophthalmoscopic photographs showed a bright reflec-
tion of the flash light from the retina (Figure 3G), whichDNA analysis was used to determine the genotype of
individual mice making use of a DdeI site introduced by could beexplained by iris hypoplasia. Indeed, dissection
of eyes revealed an almost complete absence of thethe Sey mutation (Hill et al., 1991). Mice heterozygous
for the Sey allele but negative for the transgene were iris (Figure 3H). Therefore, the transgene PAX130 only
partially rescues the Sey heterozygote phenotype.readily identified by their reduced eye size. Mice carrying
a transgene on a heterozygote background, however, As the partial rescue of the heterozygote phenotype
suggested at least some expression from the truncatedwere phenotypically normal, suggesting the rescue of
the developmental abnormality. transgene, we were interested to determine, whether
the failure of eye formation was due to late defects, or toDissected eyes from adult mice were analyzed in
more detail to assess the degree of complementation lack of embryonic eye induction. We therefore isolated
embryos at day 14.5 and determined their genotypeachieved. Eyes from mice carrying the PAX88 trans-
gene on a wild-type background appeared normal (not by PCR. Histological analysis revealed no difference
between Sey/Sey animals carrying the transgene andshown). Sey heterozygotes are characterized by iris hy-
poplasia and early corneal opacification (Figure 3B). nontransgenic homozygote littermates (Figures 3J and
3K, respectively).However, mice carrying the transgene on a Sey/1 back-
ground had a properly developed iris and a clear cornea
and lens (Figure 3C). In contrast, Sey homozygote mice Multiple Copies of PAX6 Induce
Eye Abnormalitiescarrying the transgene displayed iris hypoplasia (Figure
3D) similar to the Sey/1 phenotype. Surprisingly, the In contrast to the other two transgenic lines, PAX77
completely rescued both the hetero- and homozygoteeye size of these animals was comparable to wild-type
animals. This suggests that the phenotype of rescued eye phenotype. External analysis is easier on an albino
background, as the absence of pigment allows the de-homozygote animals is less severe than inSey heterozy-
gotes. However, as there is variability in the eye size of tection of the pupil and the iris (identifiable by vessels
on the iris). Eye size, as well as the formation of a normalSey/1 animals, a larger number of rescued homozy-
gotes will need to be analyzed to confirm this obser- pupil, was restored on Sey/1 and Sey/Sey backgrounds
(Figures 4C and 4D). This is further demonstrated invation.
PAX6 Gene Dosage Effects in Eye Development
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accounts for about one third toone half of the eye (Figure
3A). The large lens is readily visible in Sey heterozygotes
as it protrudes under the cornea (Figure 3B). In contrast,
PAX77 transgenics had a remarkable reduction of the
corneal size (Figures 5A and 5B). The lens did not seem
to protrude under the cornea, which might explain the
lack of the dome-shaped iris seen in wild-type mice.
Interestingly, some mice displayed a severe phenotype
in one eye and a less severe phenotype in the other
(Figure 5C). Therefore, the phenotypic difference be-
tween microphthalmic and less severely affected eyes
is not only caused by genetic background effects or
differences between embryos in developmental timing,
but can also be explained by developmental plasticity
effects.
To understand the phenotype in more detail, we per-
formed histological analysis of adult eyes. In all trans-
genic mice showing the less severe phentoype, iris ab-
normalities characterized by cyst-like structures and a
disorganized ciliary body were apparent (Figure 5D and
compare Figures 5G and 5H). The retina in the majority
of transgenic animals seemed to be normal (not shown).
However, in one animal we observed a complete ab-
sence of the photoreceptor layer (compare Figures 5E
and 5F). Lens sizeand organization seemed tobe normal
(Figure 5D).
Microphthalmic eyes were highly disorganized. Lens
phenotypes ranged from improperly arranged fiber cells
to severe cataracts with heavy calcification (Figure 5I).
The retina was attached to the lens and showed severe
abnormalities. Terminally differentiated photoreceptors
were rare, although some patches were apparent (Figure
5J). Dark-appearing cells between iris and cornea are
likely to be either shed cells originating from the iris or
macrophages with phagocytosed pigmented cells (Fig-
ure 5K). Sections through eyes of transgenic founderFigure 4. External Phenotype in Multicopy Number Lines
PAX138 revealed similarly disorganized structures toOphthalmoscopic analysis of albino mice with and without the
these seen in microphthalmic eyes of line PAX77 (notPAX77 transgene: wild-type (A) and Sey/1 with corneal opacification
shown). Tumor formation reported in cell lines overex-(B). Rescued eyes (Sey/1 in [C] and Sey/Sey in [D]) have normal
size and a normally developed iris with a pupil (arrows). On a 1/1 pressing PAX genes (Maulbecker and Gruss, 1993) was
background, PAX77 transgenics show a variable phenotype ranging not detected in any of our animals.
from almost normal (E) to severely microphthalmic (F) eyes.
Transgenic founder PAX138 (G; wild-type coat color) shows mi-
crophthalmia comparable to the most severe phenotype seen in line
Relating Eye Phenotypes to PAX6 ExpressionPAX77 (H).
The fact that both high copy number lines, PAX77 and
PAX138, show a very similar phenotype suggests that
the microphthalmia phenotype is caused by high leveldissected eyes in which a properly developed iris span-
ning the lens was found (not shown). expression of PAX6. To test this hypothesis, we isolated
poly(A)1 RNA from cerebellum and eyes of adult miceDuring the phenotypic analysis of PAX77 offspring,
we noticed that the percentage of mice displaying a and subjected it to quantitative reverse transcription–
PCR. Using the expression from the endogenous genereduction in eye size was higher than expected. Fur-
thermore, comparison of genotypes with phenotypes as an internal control allowed us to measure the expres-
sion from the transgenes in relation to the two copies ofshowed that a high proportion of mice scored as Sey
did not bear the Sey allele, but instead carried the PAX77 the mouse Pax6 gene. To ensure that the PCR products
were not due to copurified genomic DNA, RNA samplestransgene on a wild-type background. The phenotype
observed varied from mice with an almost normal eye were DNAase I treated prior to the reverse transcription.
Quantitative PCR was performed as for quantitationsize (Figure 4E) to severe microphthalmia (Figure 4F).
PAX138, the infertile transgenic founder carrying 10–12 of transgene copy numbers. PAX130and PAX88 showed
transgene expression in the eyes at a level only slightlycopies of the YAC, also showed severe microphthalmia
comparable to the most severe phenotype seen in line lower than that of the two endogenous Pax6 copies
(Figure 6A). Surprisingly, expression levels in adult cere-PAX77 (Figure 4G).
Dissected eyes revealed abnormalities even in the bellum showed differences between these two lines with
a strong reduction of transgene expression in lineless severely affected mice. In wild-type eyes thecornea
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Figure 5. Analysis of the Dominant Pheno-
type in PAX77 Transgenic Animals
Dissection of less severely affected eyes of
two independent PAX77 transgenics (A and
B) reveals reduction of corneal size and a flat
iris. Side-by-side comparison of the left and
right eye from one individual (C) suggests that
the severity of phenotypes is not due to
genetic background effects, but must be
caused by developmental plasticity. Histo-
logical analysis: weakly affected eye of mice
carrying the PAX77 transgene (D). Compari-
son of the retinas of a wild-type (E) and a
transgenic animal (F) reveals the lack of pho-
toreceptors in the latter. (G) Normal ciliary
body in 1/1 mice (arrow). (H) Lack of ciliary
body development (arrow) and cyst-like
structures in the iris (arrowhead). (I) Micro-
phthalmic disorganized eye of a severely af-
fected animal. (J) High power magnification
of the retina of (I), demonstrates the presence
of isolated patches of photoreceptors (arrow-
head). (K) Anterior angle of (I) with pigmented
abnormal cells in the anterior chamber
(arrow) and highly disorganized iris and ciliary
body.
PAX130 (Figure 6B). To ensure that this represented a perfectly normal olfactory epithelium in rescued mice
(Figure 7E), as well as in mice overexpressing PAX6reproducible finding, we analyzed RNA from cerebellum
and eyes of 3 independent animals transgenic for PAX- (Figure 7G). No phenotypic differences were apparent
between transgenic and wild-type littermates.130. In all three cases, expression from the transgene
in cerebellum was z10-fold reduced when compared Brain analysis in Sey/Sey mice has demonstrated the
lack of olfactory bulbs, an abnormally thickened subven-to RNA from adult eyes (Figure 6C). Expression in line
PAX77 and PAX138 was equivalent to 5–8 and 10–12 tricular zone of the cerebral hemispheres, as well as
the presence of displaced germinative epithelial tissuecopies, respectively. Expression levels in less severely
affected eyes (#77-46) and microphthalmic eyes (#77- within the cortical plates (Schmahl et al., 1993; Glaser
et al., 1994). None of these abnormalities were seen in52) did not differ significantly (Figure 6A), which indi-
cates that factors other than adult eye expression are rescued mice, suggesting a complete complementation.
In addition, analysis of wild-type mice carrying theimportant in determining the severity of the phenotype.
Whole-mount in situ hybridization using a human-spe- transgene did not reveal anyobvious abnormalities (data
not shown). In summary, these data suggest that thecific probe in line PAX77 showed high levels of expres-
sion in the developing eyes, the forebrain, and along eye is the only organ severely affected by changes in
PAX6 levels.the spinal chord from day 9.5 onward. No ectopic ex-
pression domains were identified. In line PAX130, how-
ever, levels of expression were low and confined to the Discussion
spinal cord (data not shown).
Together, these data suggest a differential regulation We have generated mice transgenic for the human PAX6
locus to investigate gene dosage effects on mouse de-of PAX6 expression in early and late eye development
and explain the lack of Sey/Sey rescue in this transgenic velopment. Genetic crosses with bothheterozygous and
homozygous Sey mice allowed us a detailed step-by-line. The failure to rescue lethality is presumably due to
insufficientPAX6expression inorgansother thantheeye. step analysis of transgene effects on backgrounds with
100%, 50%, and 0% expression of the endogenous Pax6
gene (Table 1). This reveals that both too low and tooAnalysis of Other Tissues in Line PAX77
In addition to a complete absence of eye development, high levels of expression result in abnormalities of the
eye that have not been previously described. Thus, atSey homozygous mice lack nasal cavities and exhibit
severe brain abnormalities. To investigate the effect of least five different phenotypes are associated with
changes of PAX6 expression levels, highlighting thethe transgene on these tissues, we compared the phe-
notype of Sey/Sey and wild-type mice with and without striking sensitivity of eye development to dosage of this
gene. Interestingly, the eye seems to be the only organthe transgene at day 18.5 of gestation. Immediately ap-
parent is the presence of nasal cavities in transgenic affected by gene dosage effects, suggesting either a
different mechanism of PAX6 action in this tissue or aSey/Sey mice (compare Figures 7A and 7B). More de-
tailed analysis using high power microscopy revealed tighter requirement for accurate developmental timing.
PAX6 Gene Dosage Effects in Eye Development
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Table 1. PAX6 Gene Dosage Effects on Eye Development
1/1 Sey/1 Sey/Sey
no transgene wild type small eyes no eyes
PAX130 (2 tr) wild type iris hypoplasia no eyes
PAX88 (2) wild type wild type iris hypoplasia
PAX77 (5–6) microphthalmia wild type wild type
PAX138 (10–12) microphthalmia ND ND
Summary of the observed phenotypes in transgenic lines on various
different backgrounds. Copy numbers are shown in parentheses
after the line designation. tr in line PAX130 indicates the truncation
of the integrated constructs. The term ‘‘small eyes’’ in nontransgenic
Sey/1 mice includes iris hypoplasia, corneal opacification, and cata-
racts. Founder PAX138 was sterile and could not be analyzed on
the Sey background. ND 5 not determined.
Sey/Sey mice is intermediate between the heterozygote
and the wild-type situation. Iris hypoplasia is seen, but
neither reduction of eye size nor the formation of cata-
racts or corneal opacification are apparent. Thus, even
a slight reduction of PAX6 expression levels seems to
have serious consequences for eye development.
Iris hypoplasia with normal eye size is the characteris-
tic phenotype of aniridia in man with corneal opacifica-
tion and cataracts usually occurring later in life. Hence,
the partially rescued Sey/Sey mice carrying the PAX88
transgene, as well as Sey/1 transgenic for PAX130,
seem to represent an improved model for the human
disorder. The life span of mice may not be long enough
to permit the late onset abnormalities to develop in the
partially rescued mice.
A phenotype intermediate to the heterozygote and
wild-type situation in humans has already been associ-
ated with mutations within the C-terminal PST-rich
transactivation domain of PAX6 (Glaser et al., 1994). The
mutation causes premature termination of translation
and was shown to reduce the transactivation capacityFigure 6. RNA Analysis of Transgene Expression
of the protein to z10%. Phenotypically, the mutationQuantitative reverse transcription–PCR of poly(A)1 RNA isolated
caused early cataract formationbut didnot interferewithfrom adult eyes (A) and adult cerebellum (B) using a similar approach
as for copy number quantitation (Figure 2). Percentages of the iris development. As this represents a rather different
mouse and human signals, as well as calculation of transgene ex- phenotype to the partial rescue in Sey mice, the underly-
pression normalized for one endogenous copy (human/mouse 3 2), ing mechanism isunlikely to be simplydue toa reduction
aregiven below theautoradiograms. Comparison of RNA expression
in PAX6 transactivation capacity. Alternatively, the dif-in individuals transgenic for PAX130 (C) shows a reproducible reduc-
ferences might be due to subtle differences in the timingtion of expression in cerebellum when compared to the eye.
of development between mouse and man. Introduction
of a YAC carrying the specific mutation into mice would
be a way to differentiate between these possiblities.In the following sections, we discuss the complementa-
tion capacity of the human transgene, the surprising The rescue with the human transgene is encouraging
for the identification of long distance regulatory ele-phenotype found in mice overexpressing PAX6 and the
implications of the new findings for human genetics. ments proposed to be located downstream of the PAX6
gene. Based on molecular cytogenetic analysis in aniri-
dia patientswith chromosomal rearrangements, a regionPAX6 Transgenics: Lessons from Sey
Complementation Studies z150 kb downstream of PAX6 appears to be important
for correct transcription of the gene (Fantes et al., 1995).Correction of a complex developmental phenotype is
the most stringent test of proper functioning of a Our results with line PAX130 carrying a truncated
transgene support the hypothesis of an essential down-transgene. We have examined three transgenic lines,
which show different levels of complementation of the stream element(s). We believe a position effect imposed
on the transgene by the site of integration to be unlikely,Sey mutation ranging from a very partial (PAX130) to
complete rescue (PAX77) (summarized in Table 1). A as expression levels in adult eyes are equivalent to ap-
proximately two copies. A more likely explanation seemscomparison of eye phenotypes with expression is in-
triguing. In line PAX88, for example, transgene expres- to be the loss of an enhancer specific for early eye
expression as well as for adult cerebellar expression ofsion is equivalent to z1.5 copies of the endogenous
gene. Strikingly, the observed phenotype in rescued PAX6, a model supported by our data (Figure 6 and
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Figure 7. Analysis of the Olfactory Epithelium
in Line PAX77
Histological analyses of day 18.5 embryos at
a similar plane of sectioning (horizontal). Sey/
Sey embryos lack nasal cavities and eyes (A),
both of which are rescued by the transgene
(B). Wild-type mice carrying the transgene (D)
show no gross abnormalities, when com-
pared to nontransgenic (C) littermates. (E–G)
High power microscopy reveals normally de-
veloped olfactory epithelium in transgenic
wild-type (G) and Sey/Sey (E) animals. SC,
supporting cells; ON, olfactory neurons; BC,
basal cells.
whole mount in situ analysis [data not shown]). Lack al., 1995). It is remarkable, however, that the copy num-
ber–dependent transcription from a transgene reachesof this element would cause complete failure of eye
induction on a Sey/Sey background, whereas on a het- levels very similar to the endogenous copies of Pax6,
suggesting a very high conservation of the regulatoryerozygous background its absence would affect iris de-
velopment. Further YAC transgenics with modified con- machinery in mouse and man. High levels of expression
from human YACs in transgenic systems have been re-structs should allow us to locate such an element.
Considering the highly conserved expression pattern ported before (for review, see Lamb and Gearhart, 1995),
but a precise comparison between mouse and humanof PAX6, it might not be too surprising that human regu-
latory sequences are sufficient to drive expression of transcripts, as well as a correlation between copy num-
bers and expression, was not attempted. Our results,PAX6 in a temporally and spatially correct manner. Ex-
periments with regulatory sequences of the Hoxb1 gene therefore, corroborate and extend these findings, as
even in lines with multiple copies faithful expression isshowed that upstream sequences from evolutionarily
very distant species such as Fugu rubriges confer tis- observed. The PAX6 YAC is, therefore, likely to contain
chromatin-organizing elements similar to the LCR of thesue-specific expression in transgenic mice (Popperl et
PAX6 Gene Dosage Effects in Eye Development
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human globin locus, which has been shown to confer and alter subsequent gene expression. No dimer forma-
tion of PAX6 has yet been described despite intenseposition-independent and high level copy number–
dependent expression in transgenic mice (Grosveld et research in this field. In a report by Czerny and Bus-
slinger (1995), the activation capacity of PAX6 was stud-al., 1987). Further transgenics with deletion constructs
should allow us to map such elements. ied using a reporter plasmid. The authors demonstrated
that too high levels of PAX6 lead to inhibition of trans-
activation, an observation that could be explained byOverexpression of PAX6: Developmental Aspects
self-squelching of the protein. Such a mechanism, how-Probably the most interesting finding in our studies is
ever, would cause a reduction of activity, and we wouldthephenotype observed inmice with high copy numbers
expect a phenotype similar to Sey mice in overexpress-of the human PAX6 gene. This result is not due to re-
ing lines.arrangements of the integrated constructs or overex-
Autoregulatory loops might also cause gene dosagepression of a second gene encoded by the YAC. First,
effects if they specifically maintain expression within ano abnormalities were observed in animals carrying the
highly expressing tissue. This kind of mechanism couldtransgene on a Sey heterozygote background. A domi-
also explain overexpression phenotypes, as mainte-nant form of PAX6 generated by rearrangement or muta-
nance of PAX6 would be found in cells, which normallytions of the YAC would, however, be likely to have the
switch off expression. Autoregulation for PAX6 has beensame or even stronger effect in a cell with decreased
reported at least for the quail gene (Plaza et al., 1993).levels of endogenous Pax6. Similarly, a gene other than
Such a simple model, however, can not explain thePAX6 would be expected to exert any increased copy
whole complexity of PAX6 expression, as there are re-numbereffects also ona Sey background. Second, virtu-
gions of expression in Sey/Sey mice that are maintainedally the same phenotype was observed in two indepen-
despite the lack of functional protein.dent transgenic animals both of which carry high copy
Perhaps the most likely model to account for PAX6numbers (PAX77 and PAX138). A random gain-of-func-
gene haploinsufficiency is the existence of a large num-tion mutation is, therefore, very unlikely.
ber of target genes with different affinity binding sites.Although quite variable, the overexpression pheno-
Thus, a different spectrum of target genes would betype in line PAX77 always included abnormalities within
expressed depending on the amount of PAX6 proteinthe ciliary body, the iris, and the cornea. The ciliary
within a cell,which in turn influences the fateof the cells.body forms at a later stage of development by reciprocal
This model would also explain effects of overexpressinginteractions between the lens and the anterior edge of
PAX6, as cells with too high levels of this gene productthe optic cup (reviewed in Beebe, 1986). The ciliary body
may differentiate into the wrong cell type. Interestingly,is believed by some authors to be responsible for the
an uneven distribution of PAX6 message within the neu-generation of intraocular pressure (IOP) during develop-
roretina has been observed at least in zebrafish (Puschelment (Beebe, 1986). IOP is required for growth of the
et al., 1992). The initially widespread expression in theretinal pigmented epithelium, the establishment of a nor-
undifferentiated neuroretina becomes restricted to themal corneal curvature and the overall growth of the eye.
inner nuclear layer at time of hatching. OverexpressionDisturbed ciliary body development could, therefore,
of PAX6 in the normally low expressing photoreceptorcause all of the observed abnormalities in our mice. As
layer may have profound effects on differentiation orthe lens is required for the formation of the ciliary body
survival of this cell type and could explain a lack of this(Genis-Galvez, 1966), the observed changes in lens or-
layer in one of our transgenic mice. It should be possibleganization might be the cause of the abnormal develop-
to test this hypothesis by specifically overexpressingment of the ciliary body. However, this explanation is
PAX6 in different cell types in transgenic mice usingunlikely, as the less severely affected mice seem to have
tissue-specific promoters.a normally developed lens. Lens defects observed in
PAX6 is not the only member of the PAX family thatthe micropthalmic eyes are probably due to secondary
manifests haploinsufficiency. Loss-of-function muta-effects. Interestingly, both too high and too low levels
tions inPax1 in Undulated (Un) mice (Balling et al., 1988),of PAX6 expression seem to affect the same tissues,
in Pax3 in the Splotch mouse (Epstein et al., 1991), andwhich may suggest that the anterior angle is particularly
in human Waardenburg syndrome (Baldwin et al., 1992;sensitive to changes in PAX6 expression. A way to test
Tassabehji et al., 1992) and, most recently, in PAX2 in athis hypothesis would be to overexpress PAX6 specifi-
family with optic nerve coloboma and kidney anomaliescally in this structure.
(Sanyanusisn et al., 1995) all reveal haploinsufficient
phenotypes. This suggests a similar general mechanism
Molecular Aspects of Gene Dosage Effects of action for these genes in the mammalian cell. It will
Haploinsufficiency is an interesting phenomenon in be interesting to investigate the effect of additional cop-
terms of the underlying molecular biology. Several ex- ies of these PAX members and other genes showing
planations for haploinsufficiency have been suggested haploinsufficiency on mouse development.
(Read, 1995). A reduction of a diffusible factor for exam-
ple can have profound effects on the regulation of dis-
tant tissues. PAX6, however, is a nuclear protein, which Implications for Human Genetics
Our findings that overexpression of PAX6 can causeis likely to act as a transcription factor within the cell
in which it is produced. Alternatively, PAX6 may form novel eye abnormalities in the mouse make it likely that
eye disorders in humans may also be caused by in-heterodimers to function in vivo. A reduction or increase
of one partner could, therefore, change the equilibrium creased levels of this protein. Overexpression could be
Cell
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Experimental Procedurescaused by duplication, by mutations within regulatory
region(s) leading to high affinity binding, or by mutation
YAC Manipulationsof transcriptional regulators upstream of PAX6. In the
The centromeric vector arm of Y593 was replaced with an amplifia-
latter situation no association with chromosome 11p13 ble vector by homologous recombination in yeast (details on re-
would be found. quest). YAC–DNA was isolated after amplification according to
Schedl et al. (1993). Conditions for preparative pulsed-field gel elec-Several cases carrying a duplication of parts of chro-
trophoresis were 1% agarose, 0.253 Tris–acetate–EDTA, 108C, 200mosome 11 including the PAX6 locus have been re-
V, using a time ramp with t1 5 23 s and t2 5 28 s and 24 hr runningported (Falk et al., 1973; Sanchez et al., 1974; Palmer
time (Bio-Rad CHEF-DR II system).
et al., 1976; Strobel et al., 1980; Lavedan et al., 1989;
Speleman et al., 1991). Mild abnormalities of the eyes Mouse Strains and Generation of Transgenics
were reported in four out of six cases. Lavedan et al. Isolated YAC DNA was injected at a concentration of 5 ng/ml into
fertilized mouse oocytes isolated from F1 crosses of CBA/C57Bl6(1989) observed mild changes in the iris and mental
mice as described (Hogan et al., 1994). Microinjection was per-retardation in a patient trisomic for 11p13. Very recently
formed with a microinjector model IM300 (Narashige, Tokyo) usingwe have learned of a new case with a duplication in
a balance pressure setting high enough to ensure continuous out-
the region encompassing PAX6 (Aalf et al., unpublished flow of DNA. Injected oocytes were transferred on the same day
data). The abnormalities observed in the affected child into oviducts of pseudopregnant foster mothers. Transgenic mice
included small and deeply placed eyes as well as a were identified by Southern blot analysis (DNA prepared from tail
biopsies) using a human PAX6 cDNA as a probe for hybridization.marginal reduction in cornea diameter. Thus a 50% in-
crease of PAX6 copy number in human may cause simi-
Southern Blot Analysis and Probeslar, although less severe, abnormalities to those we
Ten micrograms of genomic DNAs and 2 ng of isolated Y593 DNA
found in the multicopy line PAX77. More detailed analy- were digested with EcoRI and size fractionated on a 1% agarose
ses might reveal subtle eye abnormalities in the low gel in 13 Tris–acetate–EDTA. Gels were blotted and hybridized ac-
copy number lines PAX88 and PAX130. cording to standard procedures. Probes used for hybridization in-
cluded: short vector arm (B): 1.4 kb SalI–StuI fragment isolated fromMicrophthalmia can be caused by a large number of
pYAC4; long vector arm (F): 1.1 kb EcoRI–PstI fragment isolateddevelopmental defects; the majority of cases seem to
from pBR322; PAX6: StuI–XbaI fragment isolated from human PAX6be caused by dominant mutations. Interestingly, several
cDNA; pFAT10NS: a 1.3 kb NotI–SalI fragment situated 15 kb up-
cases in humans have been shown to be associated stream of exon 1 (cloned by J. Kent, MRC-HGU Edinburgh); pSIP:
with trisomies or duplication (for review, see Bateman, a 1.3 kb EcoRI fragment 16 kb downstream from 39 untranslated
region (S. Danes [MRC-HGU Edinburgh], unpublished data).1984). Trisomy 4pter-p14 for example has been de-
scribed for a patient suffering from microphtalmia and
PCR Analysescolobomata (Lurie and Samochvalov, 1994). Microcor-
For quantitation of copy numbers and expression levels, a fragmentnea without the formation of microphthalmos occurs
in the 39 untranslated region of PAX6 was amplified (59TAGTTTATGG
at a much lower frequency and the molecular basis is ACTGATGTTCC39 and 59TATCGAAGACACACTCTACC39; PCR con-
unknown. Unfortunately, it will be very difficult to dem- ditions: 13 2’30” at 948C; 353 568C 45”, 728C 1’, 948C 30”), products
removed during the logarithmic phase of amplification, digestedonstrate that a human phenotype is caused by changes
with NlaIII and separated on a 3.5% Metaphor (FMC) agarose gel.of PAX6 levels, as the adult expressing tissues cannot
Southern blots were hybridized with a 32P-end-labeled oligomerbe biopsied. Hence, direct quantitative analysis of PAX6
(59ATCTGTTGGTTTTCCAAAGGTTG39) at 458Cin Church and Gilbert
expression in humans will be almost impossible. buffer and washed in 23 SSC, 1% SDS at 458C. Signals were quanti-
The fact that simple overexpression of a human gene fied on a PhosphoImager (Molecular Dynamics) by volume integra-
in transgenic mice causes abnormalities is encouraging tion of individual signals (ImageQuant, V.3.3).
for the generation of mouse models for human trisomies.
RNA AnalysisGeneration of transgenics carrying large fragments of
Poly(A)1 RNA was isolated from frozen cerebellum and eyes usingDNA should make it possible to narrow down and iden-
the polyAT tract system 1000 (Promega). One-tenth of the RNA
tify genes responsible for particular aspects of trisomic released from magnetic beads was treated with 20 U of DNAaseI
syndromes. The faithful expression of the human con- (Boehringer Mannheim) at 378C for 20 min and inactivated at 808C
for 59 and 908C for 39. Five microliters of DNA-free RNA was thenstruct at levels comparable to the endogenous gene
subjected to reverse transcription (AMV reverse transcriptase, 1shown in this and other studies supports the feasibility
hr at 428C, terminated at 988C for 7’). Five microliters of reverseof this approach.
transcription reaction was used for amplification. Conditions for
In a paper by Smith et al. (1995), the generation of a PCR and quantitative analysis of hybridized Southern blots are as
panel of transgenic mice carrying parts of a 2 Mb contig described for copy number determination.
of human chromosome 21 has been reported although
FISH Analysisno phenotype was described. More recently, a Down’s
Blood smears prepared on slides were fixed for 2 min in a 1:1 mixturesyndrome–like phenotype has been described in mice
of methanol:acetic acid, for 2 min in 3:1 methanol:acetic acid andtransgenic for Ets2 (Sumarsono et al., 1996), a protoon-
air dried. Cosmid DNA FAT5, p60 or f02121 was labeled with biotin
cogene and a transcription factor. The promoter used or digoxygenin and hybridized to slides according to Fantes et al.
led to expression of the transgene in an almost ubiqui- (1992) including the following modifications: RNase treatment was
omitted. Hybridization signals were detected with only one layer oftous manner, but abnormalities were restricted to the
avidin–fluorescein isothiocyanate or Texas red. Slides were counter-skeleton and were reminiscent of those seen in some
stained and mounted in Vectashield (Vector) containing 1 mg/mlDown’s patients. Our data support the hypothesis that
diamidophenylindole. Fluorescein isothiocyanate and Texas red sig-
the observed abnormalities in Ets2 transgenic mice are nals were visualized using a Chroma Pinkel no. 1 filter set fitted to
indeed due to overexpression rather than ectopic ef- a Zeiss Axioplan microscope, with a Photometrics CCD camera and
Digital Scientific software.fects.
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Histological Analysis Hanson, I., and van Heyningen, V. (1995). Pax6: more than meets
the eye. Trends Genet. 11, 268–272.Tissue samples were fixed overnight in 10% neutrally buffered for-
malin and embedded in paraffin using a TissueTek V. I. P. (Miles, Hill, R.E., Favor, J., Hogan, B.L., Ton, C.C., Saunders, G.F., Hanson,
Ekhart, USA). Seven micrometer microtome sections were mounted I.M., Prosser, J., Jordan, T., Hastie, N.D., and van Heyningen, V.
onto slides and stained with hematoxylin and eosin according to (1991). Mouse small eye results from mutations in a paired-like ho-
standard procedures. meobox-containing gene. Nature 354, 522–525.
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